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This pa per deals with the de sign of a novel spec trom e ter of fast neu trons in nu clear safe guards 
ap  pli  ca  tions based on the liq  uid or  ganic scintillator EJ-309 with ma  te  ri  als of dif  fer  ent thick  -
ness sur  round  ing the de  tec  tor. The in  ves  ti  ga  tion was per  formed on the sim  u  lated data ob  -
tained by the MCNPX-PoliMi nu mer i cal code based on the Monte Carlo method. Among the
var i ous  ma te ri als  (poly eth yl ene,  iron,  alu minum,  and  graph ite)  in ves ti gated  as  lay ers  around
the scintillator, poly eth yl ene and iron have shown the most prom is ing char ac ter is tics for eval -
u a tion of fast neu tron en ergy spec tra. The sim u lated pulse height dis tri bu tions were summed
up  for each en  ergy bin in the neu  tron en  ergy range be  tween 1 MeV and 15 MeV in or  der to
ob tain better count ing sta tis tics. The un folded re sults for monoenergetic neu tron sources ob -
tained by a first or  der of Tikhonov reg  u  lar  iza  tion and non-lin  ear neu  ral net  work show very
good agree  ment with the ref  er  ence data while the eval  u  ated spec  tra of neu  tron sources con  -
tin u ous in en ergy fol low the trend of the ref er ence spec tra.  The pos si ble ad van tages of a novel
spec  trom  e  ter in  clude a less num  ber of in  put data for pro  cess  ing and a less sen  si  tiv  ity to the
noise  com pared  to  the  scin til la tion  de tec tor  with out  sur round ing  ma te ri als.
Key words: neu tron  source,  or ganic  scintillator,  shield ing  ma te rial,  un fold ing  method,
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IN TRO DUC TION
There is an in  ter  est of high im  por  tance in nu  clear
non-pro lif er a tion  and  nu clear  safe guards  ap pli ca tions
to de velop tools for ro bust and ac cu rate iden ti fi ca tion of 
neu  tron sources. A pro  posed novel type of neu  tron
spec trom e ter  in cludes  the  liq uid  scintillator  EJ-309
which  is  widely  used  in  non-pro lif er a tion  ap pli ca tions
[1] and ma  te  ri  als such as poly  eth  yl  ene (PE) or/and
some what  heavier  ma te ri als  of  dif fer ent  thick ness
around the de  tec  tor. The PE ma  te  rial is well-known by
its prop  erty to slow down the neu  trons. Neu  trons lose
more en  ergy on col  li  sions with light nu  clei such as hy  -
dro  gen com  pared to the heavy nu  clei. The at  ten  u  a  tion
of fast in  ci  dent neu  trons be  comes stron  ger with de  -
creas  ing the neu  tron en  ergy. The prob  a  bil  ity that an in  -
ci dent fast neu tron reaches the de tec tor will de crease as
the mod  er  a  tor ma  te  rial is made thicker. On the other
hand, the prob  a  bil  ity of ab  sorp  tion in  creases with in  -
creas ing  mod er a tor  thick ness  since  ab sorp tion
cross-sec  tions have larger val  ues at lower en  er  gies of
neu  trons [2]. It can be ex  pected that the neu  trons of
higher en  ergy will reach the de  tec  tor with a higher
prob  a  bil  ity com  pared to the neu  trons of lower en  ergy.
The char ac ter is tics men tioned above pro vide a pos si bil -
ity to un  fold the neu  tron en  ergy spec  tra from the data
ac quired for var i ous thick ness of PE and/or other ma te  -
ri als sur round ing  the liq uid scin til la tion  de tec tor.  How -
ever, for neu  trons at higher en  er  gies (more than 10
MeV), the elas  tic in  ter  ac  tion with the hy  dro  gen is not
ef  fec  tive in slow  ing down. The iron (Fe), as a ma  te  rial
with good in  elas  tic scat  ter  ing prop  er  ties, can cause a
large change in neu tron en ergy for high en ergy neu trons 
but have a lit  tle ef  fect on neu  trons at lower en  ergy.
In or  der to de  sign a new neu  tron spec  trom  e  ter
con sisted of the scintillator de tec tor with the sur round -
ing  ma te ri als,  we  have  ex am ined  the  pos si bil i ties  of
neu tron  spec tra  un fold ing  by us ing dif fer ent  meth ods.
In ad di tion to the tra di tional un fold ing meth ods, it was
dem on strated that the ar ti fi cial neu ral net work (ANN)
[3] is a prom  is  ing ap  proach in the field of neu  tron
spec  trom  e  try [4]. We con  structed and trained the
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fer ent struc ture to un fold both monoenergetic and con -
tin u ous  neu tron  en ergy  spec tra  in  var i ous  en ergy
ranges with dif  fer  ent en  ergy steps and PE and Fe lay  -
ers of dif  fer  ent thick  ness. In or  der to re  duce the am  bi  -
gu  ity in in  ter  pre  ta  tion of the un  folded re  sults we have
also ap  plied the least square method with a first or  der
of Tikhonov reg  u  lar  iza  tion [5] to eval  u  ate the en  ergy
spec  tra of monoenergetic neu  trons and more com  plex
spec  tra such as for 241AmBe and 252Cf  spon ta ne ous
neu tron  fis sion  source.
THE  MCNP-POLIMI  SIM U LA TION
OF  THE  NEU TRON  SPEC TROM E TER
WITH THE PE LAY  ERS
The MCNP-PoliMi code [6] has been used to
model a new type of spec  trom  e  ter with the scintillator
and the PE or Fe en clos ing ma  te ri als. The spec trom  e ter
is con  sisted of a liq  uid scintillator of cy  lin  dri  cal shape
with di men sions 13 cm ´ 13 cm with a H:C ra tio of 1.21
and a den  sity of  0.935 g/cm3 and PE or Fe blocks of
var  i  ous thick  ness with den  sity of 0.955 g/cm3 and of
7.87 g/cm3,  re spec tively.
First, we have in  ves  ti  gated a pos  si  bil  ity to de  -
sign  a  spec trom e ter  with  a  scin til la tion  de tec tor  and
the PE sur  round ing ma  te  rial. The MCNP-PoliMi sim  -
u  la  tion was per  formed for the EJ-309 de  tec  tor, tak  ing
into ac  count the PE lay  ers placed in front of the de  tec -
tor in dif  fer  ent ranges of thick  ness (be  tween 1 cm and
10 cm, 1 cm and 15 cm, 1 cm and 26 cm) with the var i -
ous thick  ness step of 0.5 cm, 1 cm, and 2 cm.
The MCNP-PoliMi code has been used for an
ac cu rate  mod el ling  of  each  neu tron  in ter ac tion  in  ac -
tive vol ume of the de tec tor as well as in PE blocks with 
thick  ness up to 26 cm. The MCNP-PoliMi code takes
into ac count the in di vid ual neu tron en ergy de po si tions 
through  elas tic  and  in elas tic  scat ter ing  on  hy dro gen
and car  bon nu  clei as the main con  stit  u  ents of the
scintillator ma te rial. The light out put from the sec ond -
ary  par ti cles  pro duced  by  the  neu tron  in ter ac tions
within the scintillator is cal  cu  lated on the ba  sis of ex  -
per i men tally  de ter mined  pa ram e ters  [7].  The  fi nal
light out  put was de  ter  mined by the post-pro  cess  ing of
the  MCNP-PoliMi  out put  con sid er ing  the  cu mu la tive
ef fect  of  mul ti ple  scatterings.
In all MCNP-PoliMi cal cu la tions we have sim u -
lated a par  al  lel beam of neu  trons as a monoenergetic
neu tron source in en ergy range be tween 1 and 15 MeV
and var  i  ous en  ergy steps. For neu  tron sources with
con tin u ous en ergy spec tra such as  252Cf and 241Am-Be 
we have used the same ge  om  e  try of the in  ci  dent neu  -
tron beam which was emit  ted per  pen  dic  u  larly to the
PE blocks.
The de tec tor re sponse ma trix rep re sents con nec -
tion be  tween the neu  tron en  ergy and the light out  put.
The  3-D  rep re sen ta tion  of  the  spec trom e ter  re sponse
ma  trix for monoenergetic neu  tron sources be  tween 1
and 15 MeV and 8 PE lay ers with thick ness of 2 cm be -
tween 0 and 16 cm ob  tained by the MCNP-PoliMi
code is shown in fig. 1. The sim u lated data re lat ing the
to  tal num  ber of counts per neu  tron for each en  ergy in
the range be tween 1 and 15 MeV with step of 0.1 MeV
and 8 PE lay  ers of dif  fer  ent thick  ness are pre  sented in
fig. 2. 
We have in  ves  ti  gated the iron (Fe) as a heavier
ma  te  rial around the de  tec  tor. Since for the neu  trons at
higher en  er  gies, the PE ma  te  rial is not ef  fec  tive in
slow  ing down, we have se  lected Fe as a ma  te  rial with
good in  elas  tic scat  ter  ing prop  er  ties that can cause a
large change in neu tron en ergy higher than 10 MeV.  
The  3-D  rep re sen ta tion  of  the  spec trom e ter  re -
sponse ma  trix for monoenergetic neu  tron sources be  -
tween 1 and 15 MeV with en  ergy step of 0.5 MeV and
Fe lay  ers with thick  ness of 0.5 cm in the range be tween
0 and 20 cm ob  tained by the MCNP-PoliMi code is
shown in fig. 3. The sim  u  lated data re  lat  ing the to  tal
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Fig ure  1.  The  3-D  rep re sen ta tion  of  the  spec trom e ter
re  sponse ma  trix for the monoenergetic neu  tron sources
be tween 1 and 15 MeV with en ergy step of 0.1 MeV and
8 PE lay ers with thick ness of 2 cm be tween 0 and 16 cm
Fig ure 2. The sim u lated data re lat ing the to tal num ber of
counts for each en  ergy in the range be  tween 1 MeV and
15 MeV with step of 0.1 MeV and 8 PE lay ers of dif fer ent
thick nessnum  ber of counts per neu  tron for each en  ergy in the
range be tween 1 and 15 MeV with step of 0.5 MeV and
40 Fe lay  ers of dif  fer  ent thick  ness are pre  sented in fig.
4.  The  at ten u a tion  of  neu trons  of  var i ous  en er gies  in  a
Fe ma  te  rial has been shown in fig. 5.
THE  UN FOLD ING  RE SULTS  FOR
THE DE  TEC  TOR WITH THE PE
SUR ROUND ING  MA TE RIAL 
The un  fold  ing prob  lem can be de  scribed by the
Fredholm in  te  gral equa  tions of the first kind but
discretization of such kind of in te gral can cause dis crete 
ill-posed prob  lems. The dif  fi  culty of solv  ing the
ill-posed prob  lems lies in the fact that they are un  sta  ble
and ex  tremely sen  si  tive to noise.  When  the  prob  lem
Ax = b is not well-posed (ei  ther be  cause of non-ex  is  -
tence or non-unique  ness of x), then the stan  dard ap  -
proach known as lin ear least squares must be mod i  fied.
Some form of reg u lar iza tion is re quired in or der to com -
pute  a  sta bi lized  mean ing ful  ap prox i mate  so lu tion  to
dis  crete the ill-posed prob  lems. It is nec  es  sary to in  cor  -
po rate  fur ther  in for ma tion  about the de sired  so lu tion  in
or  der to ob  tain a use  ful and sta  ble so  lu  tion [4].
In or der to re duce the am bi gu ity in in ter pre ta tion 
of the un folded re sults we have ap plied the least square 
method with a first or  der of Tikhonov reg  u  lar  iza  tion
and neu  ral net  work ap  proach.
The neu  tron en  ergy spec  tra
eval u ated  by  neu ral  net work  ap proach 
The ANN al  go  rithms pro  vide a very pow  er  ful al  -
ter  na  tive for the so  lu  tion of the un  fold  ing prob  lem [8].
In or  der to un  fold the neu  tron en  ergy spec  tra from the
sim  u  lated pulse height dis  tri  bu  tions data and their sum
for each PE layer we have con  structed a few non-lin ear
neu ral  net works  for  dif fer ent  en ergy  res o lu tions.  The
net works were trained with the monoenergetic and con -
tin u ous  en ergy  spec tra  (251Cf and 241AmBe) in the en  -
ergy range be tween 1 and 15 MeV with dif fer ent en ergy 
steps of 0.1, 0.2, 0.4, and 0.7 MeV. The nor  mal  ized
num ber of counts for each thick ness of PE layer up to 16 
cm with step of 2 cm have been used as in put data while
the en  ergy spec  tra of the in  ci  dent neu  trons with
monoenergetic  and  con tin u ous  en ergy  dis tri bu tions
have been used as out  put data.
The struc  ture of the net  work has been de  ter  -
mined on the ba  sis of trail and er  ror. Af ter the trail and
er  ror pro  ce  dure, the ANN sig  moid func  tion was cho  -
sen as well as the num  ber of hid  den lay  ers and the
num ber of neu rons in the hid den lay ers. For the en ergy
step of 0.7 MeV we have de  signed the multilayer
feedforward net work with backpropagation al go rithm 
with 22 en  ergy groups as tar  get data and the hid  den
layer con  sist ing of 45 neu rons while the num ber of in -
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Figure 3. The 3-D rep  re  sen  ta  tion of the spec  trom  e  ter
re  sponse ma  trix for the monoenergetic neu  tron sources
be  tween 1 and 15 MeV with en  ergy step of 0.5 MeV and
40 Fe lay  ers with a step of 0.5 cm be  tween 0 and 20 cm
Fig ure  4. The sim u lated data re lat ing the to tal num ber of 
counts for each en  ergy in the range be  tween 1 MeV and
15 MeV with step of 0.5 MeV and 40 Fe lay ers of  dif fer ent 
thick  ness with a step of 0.5 cm
Fig  ure  5.  The at  ten  u  a  tion of neu  trons with dif  fer  ent
en  er  gies through Fe lay  ers of var  i  ous thick  nessput and out put nodes cor re sponds to the num ber of PE
lay  ers and en  ergy groups, re  spec  tively. Among var  i  -
ous train  ing al  go  rithms avail  able in Matlab Neu  ral
Net  work Tool  box [9], for this par  tic  u  lar case with a
small num ber of data, the Levenberg-Marquardt al  go -
rithm has shown the best per  for  mances. The neu  ral
net  work for en  ergy step of  0.4 MeV con  sisted of one
hid  den layer with 55 neu  rons and 37 out  puts with the
Levenberg-Marquardt al  go  rithm was used as a train  -
ing al  go  rithm. Good agree  ment be  tween the un  folded
re  sults and the tar  get data was achieved for both
monoenergetic and con tin u ous sources for the train ing 
data set. The in  put data set was too small to ap  ply the
com plete  the  pro ce dure  for  train ing,  val i da tion  and
test ing of the net work. For en ergy step of  0.1 MeV  we
have con  structed the neu  ral net  work with two hid  den
lay ers with 30 and 55 neu rons and 142 out puts and re  -
sil  ient backpropagation al  go  rithm was used as a train  -
ing  al go rithm.  In  ad di tion,  a  max i mum  like li hood
method with OSL al  go  rithm [10] for eval  u  a  tion of
monoenergetic neu  tron spec  tra has also been ap  plied.
The un  folded re  sults ob  tained for the train  ing data for
both monoenergetic and con  tin  u  ous sources have not
been in good enough agree ment with the tar get data so
that the better re sults could not be ex pected for the test
data which are not pre sented to the net work dur ing the
train ing  pro ce dure  (fig.  6). 
The en ergy step of 0.2 MeV was the small est step
for which we could ap ply the com plete pro ce dure of the
net work  train ing  in clud ing  the  val i da tion  and  test ing. 
We have con  structed the neu  ral net  work with two hid  -
den lay  ers with 45 and 25 neu  rons and 71 out  puts. The
net  work was trained with monoenergetic and sources
with continuous en  ergy spec  tra such as 252Cf and
241AmBe by us  ing the re  sil  ient backpropagation train  -
ing al  go  rithm. The un  folded re  sults shown in fig. 7 are
in good agree  ment with the tar  get data for a few ran  -
domly se lected test  monoenergetic neu tron peaks never 
pre  sented to the trained net  work be  fore. The re  sults
shown in fig. 8. have been ob  tained for the trained data
re lat ing  sources  with  the  con tin u ous  en ergy  dis tri bu -
tions and they are in good agree  ment with the tar  get
data.
The  neu tron  en ergy  spec tra  eval u ated
by the first or  der Tikhonov reg  u  lar  iza  tion
One of the most well-known forms of reg  u  lar  -
iza tion in or der to ob tain a use ful and sta ble so lu tion of 
ill posed prob lem is the Tikhonov reg u lar iza tion [5]. If
a sys  tem of lin  ear equa  tions Ax = b is not well posed,
then the stan  dard ap  proach is to min  i  mize the re  sid  ual  
Ax b - . The reg  u  lar  iza  tion term is in  cluded in this
minimization in or  der to pre  fer a so  lu  tion with de  sir  -
able prop  er  ties. The stan  dard form of Tikhonov reg  u  -
lar iza tion  is
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Figure 6. The un  folded re  sults for a few ran  domly
se  lected monoenergetic neu  tron peaks with the en  ergy
step of 0.1 MeV ob  tained by the ANN ap  proach and
max i mum  like li hood  with  OSL  al go rithm
Fig  ure 7. The un  folded re  sults com  pared with the tar  get
data for a few ran  domly se  lected test monoenergetic
neu  tron peaks with en  ergy step of 0.2 MeV never
pre  sented to the trained net  work be  fore
Fig  ure 8. The un  folded re  sults for 
252Cf and 
241AmBe
neu  tron sources ob  tained for the trained data with
en  ergy step of 0.2 MeVmin{ } Ax b Lx - +
2
2
2
2 l
where  Ax b -
2
2 is the er ror term, l – the reg u lar iza tion
pa ram e ter and  l Lx
2
2 – the pen alty term. In zero or der
Tikhonov  reg u lar iza tion,  the  reg u lar iza tion  op er a tor
(L) is the iden  tity ma  trix, while in the higher or  der
Tikhonov, L is ei ther the first or der or the sec ond or der
dif  fer  en  ti  a  tion ma  trix. We have used the first or  der of
Tikhonov reg u lar iza tion. The reg u lar iza tion ef fect de -
pends on  l  reg u lar iza tion  pa ram e ter.  For    l = 0, the
reg  u  lar  iza  tion is re  duced to the unregularized least
squares prob  lem.
In or  der to eval  u  ate both monoenergetic and
con tin u ous en ergy spec tra by the Tikhonov reg u lar iza -
tion we cal cu lated the ma trix for 31 PE lay ers of dif fer -
ent thick  ness with step of 0.5 cm from 0 cm to 15 cm
and 28 en  ergy groups with en  ergy step of 0.5 MeV in
the range be  tween 1 MeV and 15 MeV. The un  folded
re  sults for a few monoenergetic neu  tron peaks are in
very good agree  ment with the tar  get data (fig. 9).
How ever,  for  the  con tin u ous  en ergy  dis tri bu tions,  the
de vi a tions be tween the un folded and the tar get data are 
larger. A com  par  i  son of the un  folded spec  trum by
Tikhonov  reg u lar iza tion  and  the  ref er ence  241AmBe
spec  trum is given in fig. 10. 
With Tikhonov reg  u  lar  iza  tion we achieved a
better res o lu tion by en com pass ing the lay ers with step
of 0.5 cm but worse en  ergy res  o  lu  tion of 0.5 MeV
com  pared to the re  sults ob  tained by the non  lin  ear
ANN with en  ergy step of 0.2 MeV.
THE UN  FOLD  ING RE  SULTS FOR THE
DE TEC TOR  WITH  Fe  SUR ROUND ING
MA TE RIAL 
In or  der to in  ves  ti  gate the iron as a sur  round  ing
ma  te  rial for a new spec  trom  e  ter we have ex  am  ined the
ef fects of Fe lay ers on at ten u a tion of monoenergetic neu -
trons and pos  si  bil  ity to un  fold the neu  tron en  ergy spec  -
tra.
The  neu tron  en ergy  spec tra  eval u ated
by the first or  der Tikhonov
reg u lar iza tion  method
Due to the de  vi  a  tions of the un  folded re  sults
with PE as a light ma  te  rial around the de  tec  tor  for
sources con  tin u ous in en ergy from the ref  er  ence ones,
we have in  ves  ti  gated Fe as a heavier sur  round  ing ma  -
te  rial that can cause a large change in neu  tron en  ergy
for high en  ergy neu  trons.
The un fold ing pos si bil i ties of a new spec trom e ter
were in  ves  ti  gated by the first or  der Tikhonov reg  u  lar  -
iza  tion method with the spec  trom  e  ter re  sponse ma  trix
for monoenergetic neu tron sources be tween 1 MeV and
15 MeV with en  ergy step of 0.5 MeV and 40 PE lay  ers
with a step of 0.5 cm be  tween 0 and 20 cm.
It can be seen in fig. 11. that the un  folded re  sults
ob  tained by the Tikhonov reg  u  lar  iza  tion method for
monoenergetic sources are in very good agree  ment
with the ref  er  ence data while figs. 12 and 13 for
sources  with  con tin u ous  en ergy  dis tri bu tions  show
better agree  ment with the ref  er  ence spec  tra com  pared
to the re  sults ob  tained for the spec  trom  e  ter with PE as
a  ma te rial  en clos ing  the  scin til la tion  de tec tor.
For the en ergy step of 0.5 MeV in the range from
1 MeV to 15 MeV and the Fe step of 1 cm up to 26 cm
we  have  cal cu lated  the  re sponse  spec trom e ter  ma trix.
The un  folded re  sults for the monoenergetic and con  -
tin u ous sources have been shown in figs. 14 and 15, re -
spec tively.  It can be seen that very good agree ment be -
tween the monoenergetic neu  tron peaks and ref  er  ence
data was achieved by us  ing the first or  der Tikhonov
reg u lar iza tion,  while  for  con tin u ous  sources  such  as
252Cf and 241AmBe, the de  vi  a  tions are some  what
larger com  pared to the pre  vi  ous re  sults (given in figs.
12 and 13) but the en  ergy spec  tra of these sources are
still rec og niz  able and fol low the trend of the ref  er ence
spec tra.
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Fig ure  9.  The un folded re sults ob tained by the Tikhonov
reg  u  lar  iza  tion for a few monoenergetic neu  tron peaks
Fig  ure 10. The un  folded spec  trum by Tikhonov
reg u lar iza tion  com pared  to  the  ref er ence 
241AmBe
spec  trum (with  out any type of smooth  ing)The  neu tron  en ergy  spec tra  eval u ated
by the neu  ral net  work ap  proach
Since the un  folded re  sults ob  tained by the
Tikhonov  reg u lar iza tion  method  for  the  spec trom e ter
with Fe as a sur  round  ing ma  te  rial have shown that Fe
can be po  ten  tially suit  able for de  sign of a novel spec  -
trom e ter, we have con structed two dif fer ent multilayer 
feedforward net  works with backpropagation al  go  -
rithm to fur  ther in  ves ti  gate the op  ti  mal step of en clos -
ing lay ers.  For an en ergy step of 0.5 MeV in the en ergy 
range from 1  MeV to 15 MeV, and a step of 1 cm up to
26 cm, we have de  signed the net  work with re  sil  ient
train  ing al  go  rithm with 30 out  put nodes  (28 en  ergy
groups for monoenergetic sources and 2 con  tin  u  ous
sources such as 252Cf and 241AmBe). Af ter the trial and 
er  ror pro  ce  dure we have cho  sen 2 hid  den lay  ers with
sig  moid trans  fer func  tions con  sist  ing of 35 and 30
neu  rons, re  spec  tively, while the num  ber of the in  put
nodes cor  re  sponds to the num  ber of Fe lay  ers. The
train ing  pro ce dure,  in clud ing  the  val i da tion  and  test -
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Fig  ure 11. The un  folded re  sults for a few monoenergetic
neu  tron peaks ob  tained by the Tikhonov reg  u  lar  iza  tion
method com  pared to the ref  er  ence data
Fig  ure 12. The un  folded spec  trum for 
252Cf source
ob tained  by  the  Tikhonov  reg u lar iza tion  method
com  pared to the ref  er  ence data
Fig  ure 13. The un  folded spec  trum for 
241AmBe source
ob tained  by  the  Tikhonov  reg u lar iza tion  method
com  pared to the ref  er  ence spec  trum
Fig  ure 14. The un  folded re  sults for a few monoenergetic
neu  tron peaks ob  tained by the Tikhonov reg  u  lar  iza  tion
method com  pared to the ref  er  ence data
Fig ure 15. The un folded spec trum for 
252Cf and 
241AmBe
sources ob tained by the Tikhonov reg u lar iza tion method 
com  pared to the ref  er  ence dataing of the per  for  mances of the net  work, was ap  plied.
Among  var i ous  train ing  al go rithms  avail able  in
Matlab Neu ral Net work Tool box [10], for this par tic u -
lar case with small num  ber of data, the Leven-
berg-Marqoard al  go  rithm has shown the best per  for  -
mances. The un  folded re  sults for the test data ran  -
domly se lected among the monoenergetic sources that
have not been shown to the net work be fore are given in  
fig. 16. A com par i son of the un folded spec tra for 252Cf
and 241AmBe sources ob  tained by the ANN ap  proach
and the ref  er  ence data has been shown in fig. 17.
It was dem  on  strated that it pos  si  ble to ob  tain for
a Fe ma  trix with 40 Fe lay  ers and 28 en  ergy groups
with an en ergy step of 0.5 MeV from 1 MeV to 15 MeV 
and a Fe step of 0.5 cm up to 20 cm, the better agree  -
ment be  tween the ANN pre  dic  tion re  sults and tar  get
data. We have de  signed the net  work with re  sil  ient
train  ing al  go  rithm with 30 out  put nodes (28 en  ergy
groups for monoenergetic sources and 2 con  tin  u  ous
sources such as 252Cf and 241AmBe) and 2 hid  den lay  -
ers with sig  moid trans  fer func  tions con  sist  ing of 38
and 33 neu  rons, re  spec  tively, while the num  ber of in  -
put nodes cor re sponds to the num ber of Fe lay ers. The
train  ing, val  i  da  tion, and test  ing of the net  work were
per  formed. The un  folded re  sults for the test data ran  -
domly se  lected among the monoenergetic sources
never pre  sented to the net  work are given in fig. 18,
while the spec  tra of the se  lected sources with the con  -
tin u ous  en ergy  dis tri bu tions  are  pre sented  in  fig.  19. 
The re  sults of this study have shown that with a
finer Fe step of 0.5 cm and a smaller range of Fe en  -
clos  ing ma  te  rial up to 20 cm it was pos  si  ble to ob  tain
the un folded re sults in better agree ment with the ref er -
ence data com  pared to the un  folded re  sults ob  tained
for the Fe step of 1 cm and the max  i  mum thick  ness of
Fe sur  round  ing ma  te  rial up to 26 cm.
CON CLU SIONS
Among the var i ous ma te ri als (PE, Fe, Al, graph -
ite)  in ves ti gated  as  sur round ing  ma te rial  around  the
EJ-309  liq uid  scin til la tion  de tec tor,  the  re sults  ob -
tained have shown that the iron has the most prom is ing 
spec tro met ric  char ac ter is tics  since  we  could  un fold
the monoenergetic and con  tin  u  ous sources by us  ing
the first or der of Tikhonov reg u lar iza tion and non-lin  -
ear neu  ral net  work as the two in  de  pend  ent un  fold  ing
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Fig ure 16. The un folded re sults for the test data with a Fe
step of 1 cm that have not been pre  sented to the net  work
be fore
Fig  ure 17. The un  folded spec  tra for 
252Cf  and 
241AmBe
sources ob  tained by the ANN ap  proach with a Fe step of
1 cm com  pared to the ref  er  ence data
Fig  ure 18. The test data that have not been pre  sented to
the net  work be  fore with a Fe step of 0.5 cm
Fig  ure 19. The un  folded spec  tra of
 252Cf and
 241AmBe
sources ob  tained by the ANN ap  proach with a Fe step of
0.5 cm com  pared to the ref  er  ence datameth  ods, with good agree  ment com  pared to the ref  er  -
ence data. It was dem  on  strated that the poly  eth  yl  ene,
as a light ma te rial, is suit able only for the eval u a tion of
monoenergetic neu  tron spec  tra, while the ma  te  ri  als
such as graph  ite and alu  mi  num do not have char  ac  ter  -
is  tics good enough for spec  tro  met  ric pur  poses. For
prac ti cal rea sons, it is more ap pro pri ate to use a lighter
ma  te  rial around the de  tec  tor. It is pre  dicted in the
frame of the fu ture work to in ves ti gate the spec tro met -
ric po  ten  tial of a com  bi  na  tion of thin layer of heavier
ma  te  rial and wider layer of lighter ma  te  rial in or  der to
meet the weight re quire ments for the spec trom e ter and 
to  op ti mise  the  spec tro met ric  per for mances.
Pos si ble  ad van tages  of  a  novel  spec trom e ter
com  pared to the spec  trom  e  try by the EJ-309 with  out
en clos ing ma te rial are: much less num ber of in put data 
to pro  cess and less sen  si  tiv  ity to the noise. In the next
phase of re search these pos si ble ad van tages will be in -
ves ti gated  ex per i men tally.
AU THOR  CONTRIBUTIONS
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Senada AVDI], Predrag MARINKOVI], Alma OSMANOVI],
Izet GAZDI] , [ejla HAXI], Damir DEMIROVI]
ISPITIVAWE  MOGU]NOSTI  PROJEKTOVAWA  SPEKTROMETRA
BRZIH  NEUTRONA  BAZIRANOG  NA  ORGANSKOM  SCINTILATORU
SA  OKOLNIM  MATERIJALIMA
Opisan je dizajn novog spektrometra brzih neutrona za aplikacije u oblasti nuklearne
sigurnosti. Dizajn je zasnovan je na te~nom organskom scintilatoru EJ-309 sa materijalima
razli~itih debqina koji okru`uju detektor. Ispitivawa su izvr{ena sa simulacionim podacima
koji su dobijeni primenom numeri~kog koda MCNPX-PoliMi zasnovanog na Monte Karlo metodi.
Izme|u razli~itih materijala (polietilen, gvo`|e, aluminijum, grafit) koji su ispitivani kao
slojevi oko scintilatora, najperspektivnija svojstva za evaluaciju energetskih spektara brzih
neutrona su pokazali polietilen i gvo`|e. Da bi se dobila boqa broja~ka statistika za svaki
energetski  bin,  amplitudska  raspodela impulsa sumirana je za svaki energetski korak u opsegu od
1 do 15 MeV. Rezultati anfoldinga, dobijeni za monoenergetske neutronske izvore kori{}ewem
Tihonovqeve regularizacione metode prvog reda i nelinearne neuralne mre`e, u veoma dobroj su
saglasnosti sa referentnim podacima, dok evaluirani spektri za neutronske izvore sa
kontinualnom energetskom raspodelom slede tok referentnih spektara. Dobijeni rezultati su
potvrdili spektrometarski potencijal koji mo`e biti poboq{an kombinacijom razli~itih
materijala oko detektora. Mogu}e prednosti novog tipa spektrometra ukqu~uju mawi broj ulaznih
podataka za obradu i mawu osetqivost na {um u pore|ewu sa scintilacionim detektorom bez
dodatnih slojeva.
Kqu~ne re~i: neutronski izvor, organski scintilator, okru`uju}i materijal, anfolding
.........................metoda, MCNPX_PoliMi kod